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Abstract Synthesis of sterol and stanol esters is of im-
portance, due to their recent recognition and application
in the food and nutriceutical industries as cholestero}-
lowering agents. In this study, several enzymes were
evaluated to determine the best catalyst and optimal con-
ditions for the reaction between various fatty acids and
cholesterol or sitostanol in supercritical carbon dioxide
(SC-CO,). Using an analytical supercritical fluid extrac-
tion (SFE) unit, the lipase derived from Burkholderia
cepacia, Chirazyme L-1, was determined to be the most
selective for facilitating the desired reactions. Fatty acids
Cs—C,;. pressures between 20.7 MPa and 31 MPa, a tem-
perature range of 40-60 °C, along with variable flow
rates, and initial static hold times were used to evaluated
the feasibility of the above reaction. The yield of the
cholesterol esters, as measured by supercritical fluid
chromatography (SFC), ranged from 90% for caprylic
acid to 99% for palmitic acid, while the corresponding
reaction between sitostanol and the same fatty acids pro-
duced yields of 92% for caprylic acid and 99% for palm-
itic acid, respectively. The extraction apparatus was
modified to provide a continuous flow of the reagent fatty
acid and sterol/stanol over the enzyme bed, thereby al-
lowing continuous production of the desired esters which
averaged a 99% yield under optimal conditions.
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introduction

The utilization of supercritical carbon dioxide (SC-CO,)
as a reaction medium confers many advantages, among
which are an environmentally-compatibility, zero chemi-
cal residue in the synthesized product, and considerable
processing flexibility [1]. When an SC-CO,-based syn-
thesis is coupled with the use of a catalyst, such as lipase
[2], an all-patural process results that is particularly ap-
plicable to producing additives that can be incorporated
directly into food formulations.

Lipase-catalyzed reactions in SC-CO, have been re-
ported by numerous investigators [3, 4, 5] and several
excellent reviews summarize activity in this area [6, 7].
Previously we have reported synthesis to make simple
esters [8], conducted transesterifications to make methyl
esters [9], patented a glycerolysis process [10], and per-
formed randomization of fats/oils [11] in SC-CO,, using
a lipase derived from Candida antarctica [12], commer-
cially known as Novozym 435. High quantitative yields
when performing such transesterifications to make methyl -
esters have permitted application of the SC-CO,/lipase
reaction as an analytical method for quantitating fat lev-
els in food products which are required under new food
nutritional labeling guidelines [13, 14]. Recently, a
Novozym 435-catalyzed transesterification has been uti-
lized by one of the investigators as the initial step in a
two-stage synthesis conducted under critical fluid condi-
tions to produce fatty alcohols directly from vegetable
oils [15].

In this study, the application of an SC-CO,/lipase-
based reaction has been used to synthesize sterol esters
which have utility as functional food ingredients, namely
as cholesterol-lowering agents as reported in the litera-
ture [16]. The success of utilizing chemically-modified
tall oil-derived sterols in margarine spreads and other
food products for their cholesterol-lowering propensity
suggests that natural synthetic routes for making such
food additives from alternative agricultural sources
would be welcomed. In the case of the tall oil-derived
additives, naturally derived sterols are hydrogenated to



stanols, and then reacted to form esters to enhance their
compatibility with the oils constituting margarine
spreads [17, 18].

The feasibility of conducting lipase-catalyzed reac-
tions between sterols/stanols and various n-alkanoic ac-
ids was surveyed in this study. Specifically, several lip-
ases have been evaluated with respect to their ability to
form long chain esters with a model sterol and stanol, re-
spectively, under SC-CO, conditions. Syntheses were
conducted under both static and dynamic flow conditions
using a micro reactor approach to expedite experimenta-
tion and minimize the expense of costly reagents. Reac-
tion yields were optimized with respect to pressure, tem-
perature, and flow rates.

Materials and methods

Matzerials. Candidate lipases were obtained from commercial
sources as reported previously [19] while the Chirazyme L-1, de-
rived from Burkholderia cepacia was obtained from the Bochrin-
ger Mannheim Corporation (Indianapolis, IN, USA). The reagent
fatty acids n-octanoic, decanoic, dodecanoic (lauric), hexad-
ecanoic (palmitic), and octadecanoic (stearic) were all purchased
from Aldrich Chemical Company (Milwaukee, WI, USA), as was
the cholesterol used in the study. Sitostanol was obtained from
TCI America (Portland, OR, USA).

Apparatus. Initial semi-continuous reactions were conducted using
an Isco Model SFX 2-10 supercritical fluid extraction (SFE)
system available from Isco, Inc (Lincoln, NE, USA) and Isco
Model 100DX syringe purnps for delivery of CO,. For reactions
conducted in the continuous flow mode, a modified SFX 2-10 unit
was utilized as shown in Fig. 1. Here the two Isco Model 100DX
syringe pumps were typically filled with CO, at a pressure of
27.6 MPa. Two empty columns were then added to the exit lines
of both syringe pumps to serve as reagent reservoirs for the ste-
rol/stano! or fatty acids, respectively, and inserted into an HPLC
column temperature control module (Model 125-0425, Bio-Rad
Corporation, Hercules, CA, USA). Feed lines from these reagent
reservoirs were then merged in a tee prior to entering the entry
port to the Isco Model SFX 2-10 extractor. A 1-ml/min heated re-
strictor was utilized at the exit port of the Model SFX 2-10 mod-
ule to control the overall flow rate.

Experimental procedure. The batch, semi-continuous reactions
were conducted using a 2.5-ml cell in the Isco SFX 2-10 unit as a
reaction chamber. Typically about 750 mg of supported enzyme
was initially placed in the cell, followed by a glass wool plug, and
then a mixture containing 20 mg of sterol or stanol and 40 mg of
fatty acid. The cell was then inserted into the heated oven of the
Model SFX 2-10 so that the SC-CO, initially flowed over the re-
actants thereby solubilizing them in the SC-CO, before passing
over the supported enzyme bed. After conversion over the enzyme
bed, the reaction products and excess reactants dissolved in the
SC-CO, underwent decompression through the heated restrictor
prior to collection in a vial. While conducting reactions in this
mode, the pressure was varied from 20.7 MPa to 31 MPa, the tem-
perature from 40 °C to 60 °C. Carbon dioxide flow rate was also
varied by changing the size of the heated restrictor, so that the
flow rate varied from 0.5 mi/min to 2.0 mi/min. These flow rates
are for CO, at the conditions inside the reaction cell, i.e., under the
specified pressure and temperature. Initial static hold times (before
commencing the flow of CO,) were also varied from 0 min to
15 min.

The continuous flow reaction was conducted on the modified
SFX 2-10 unit described above whose extraction cell was filled
with about 0.8 g of Chirazyme L-1 enzyme. SC-CO, was delivered
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Fig. 1 Continuous reaction system for synthesis of sterol/stanol
esters in SC-CO,

from the two Isco 100DX syringe pumps at a pressure of
27.5 MPa. The sterol component (0.4 g) was added to the reagent
reservoir placed in-line-after Pump A, while the fatty acid (0.4 g)
was inserted into the reservoir in-line after Pump B. The cell tem-
perature of the Model SFX 2-10 unit and HPLC heater module
were both set at 50 °C. Flow rates from each Model 100DX pump
was varied to optimize production of the sterol ester.

Analytical procedure. The results of the enzymatic reaction were
monitored using a Dionex Model 600 supercritical fluid chromato-
graph (Dionex Inc., Salt Lake City, UT, USA). A Dionex SB-Octyl
50 column (10 mx100 smx0.5 u film thickness) was used to sepa-
rate the products and reactants. A pressure gradient program con-
sisting of a 5-min initial hold at 10.1 MPa followed by a linear

.pressure ramp of 0.5 MPa/min to 15.2 MPa, followed by a pres-

sure rarop from 15.2 MPa to 28.4 MPa at 0.2 MPa/min, and finally
an increase in pressure from 18.2 MPa to 284 MPa at
0.5 MPa/min was used 1o separate the reaction products. The col-
umn temperature was held isothermally at 100 °C during the pres-
sure ramping program Samples were injected onto the column us-
ing a Valco injection valve (Vaico Inc., Houston, TX, USA)
equipped with a 200-nl injection loop utilizing a time-split injec-
tion mode of 1.8 s. Detection was accomplished using a flame ion-
ization detector (FID) held at 350 °C.

Results and discussion

Four enzyme candidates: Novozyme 435, Chirazyme
L-1, Chirazyme L-3, and Lypozyme IM, were initially
screened using the batch, semi-continuous method de-
scribed in the materials and methods section. Cholesterol
was chosen as the model sterol for these reactions and
others based on its availability and low cost relative to
sitostanol. Chirazyme L-1 was found to be the optimal
lipase based on high overall yields for the ester formed
between lauric or palmitic acid with cholesterol. This en-
zyme was than used in the remainder of the esterification
reactions.

Figure 2 shows the effect of extraction/reaction pres-
sure on the yield for the palmitic acid ester of cholester-
ol. At 27.6 MPa, a maximum yield of almost 60% was
obtained at a temperature of 50 °C, CO, flow rate of
2.0 mV/min, and an initial static hold time of 5 min be-
fore starting the CO, flow continuously. Use of the ini-
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Fig. 2 Effect of pressure on cholesterol palmitate yield. Condi-
tons: 50 °C, flow rate=2.0 ml/min, static hold time=2 min
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Fig. 3 Effect of temperature on cholesterol palmitate yield. Con-
ditions: 27.6 MPa, flow rate=2.0 mV/min, static hold time=3 min

tial static hold period was found to aid in establishing
solute (reactant) solubility in the SC-CO,,.

Similarly, the effect of reaction temperature on pro-
duction of the cholesterol palmitate ester was also exam-
ined as shown in Fig. 3. The optimal reaction pressure of
27.6 MPa determined previously was used in these reac-
tions as well as a CO, flow rate of 2.0 ml/min. Initial
static hold times of 3 min were used before commencing
the above syntheses. As indicated in Fig. 3, over the
range of 4060 °C it was found that a optimal ester yield
of approximately 59% was achieved at 50 °C.

The effect of static hold time was also examined more
thoroughly as a function of reaction pressure, tempera-
ture, and CO, flow rate. Figures 4 and 5 show two of the
more promising results for the esterification between
palmitic acid and cholesterol. As shown in Fig. 4, at
20.7 MPa, 40 °C, and a CO, flow rate of 2.0 ml/min, a
yield of over 50% could be obtained using hold times of
5-10 min. At 27.6 MPa, 50 °C and a CO, flow rate of
1.0 mUmin (Fig. 5), a static hold time of 5 min was
found to give a 98% yield, obviously a superior yield to
that obtained at 20.7 MPa and 40 °C and doubling the
CO, flow rate.

The results from these preliminary esterification reac-
tions conducted in the semi-continuous mode were then
applied to studying the reaction of fatty acids of varying
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Fig. 4 Effect of static hold time on cholesterol palmitate yield.
Conditions: 20.7 MPa, 40 °C, flow rate=2.0 ml/min

100
%
= 80
= 70
8 6
S 50
;3 40
S 30
20
10
0

0 5 10
Static time (min)

Fig. 5 Effect of static hold time on cholesterol palmitate yield.
Conditions: 27.6 MPa, 50 °C, flow rate=1.0 mi/min

chain length with both cholesterol and sitostanol. A reac-

~ tion pressure of 27.6 MPa, temperature of 50 °C, and

flow rate of 1.0 ml/min were used for these reactions.
Static hold times of 5 min were used for all of the reported
syntheses. These results are summarized in Fig. 6 for the
even carbon number fatty acids from Cg to C,g, the graph
bar on the left representing the yield achieved with cho-
lesterol, and the bar on the right showing the result
attained when using sitostanol as a reactant,

Yields of over 90% were attained for all of the esters
formed regardless of fatty acid chain length or identity of
the sterol/stanol reactant. As shown in Fig. 6, there was a
slight bias toward lower yields for both sterol/stanol
moieties as the chain length of the fatty acid decreased;
however, even for the C; ester, .a yield of 90% and 92%
were achieved with cholesterol and sitostanol, respec-
tively. Reaction yields in excess of 98% were achieved
in the case for the formation of the C,y, C;,, Cy4, and C,4
esters with cholesterol, while similar results were at-
tained for formation of the sitostanol ester with C,, and
C,; fatty acids. It should be noted that, in all cases for
the sitostanol esters that were formed, the reaction yield
was above 90%. This is important since it is these esters
that are the reported functional ingredient in commercial
products reported to lower cholesterol levels in animal

" and human subjects [16].
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Fig. 6 Yields for various fatty acids reacting with cholesterol or
sitostanol using Chirazyme L-1. Conditions: 27.6 MPa, 50 °C,
flow rate=2.0 mV/min, static hold time=5 min
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Fig. 7 Ester production in continuous flow system using Chira-
zyme L-1. Conditions: 27.6 MPa, 50 °C, A=cholesterol channel
flow rate ~ 1.3 ml/min, fatty acid channel flow rate ~ 0.7 mV/min.;
B=cholesterol channel flow rate — 0.9 ml/min, fatty acid channel
flow rate — 1.0 ml/min

Similar reactions were also run between cholesterol
and two fatty acids, C;, and Cy¢, using the continuous
flow system described previously. These results are sum-
marized in Fig. 7 for a reaction pressure and temperature
of 27.6 MPa and 50 °C, at two different combinations of
CO, flow rate passing through the reagent reservoirs
containing either C,, or C,¢ fatty acids and cholesterol,
respectively. For designated conditions A and B, these
flow rates were for A: 1.3 ml/min for the cholesterol res-
ervoir, 0.7 ml/min for the fatty acid reservoir; and for B,
0.9 mVmin for through the cholesterol reservoir and
1.0 ml/min through the reservoir containing the fatty
acids.

As shown in Fig. 7, high reaction yields were attained
in the flow system after about 15-20 min of run time.
Depending on the particular combination of fatty acid
and cholesterol and their respective flow rates of CO,
through the reagent reservoirs, yields in excess of 80%
were achieved in all cases. Yields of over 90% were re-
corded for the B conditions for cholesterol reacting with
either the C;, or Cy4 fatty acids after 20 min of reaction
time. No explanation can be given for the anomalously
low yield found for the reaction between the C,, fatty ac-
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id and cholesterol under condition B after 35 min reac-
tion time, other than that one of the reactants was depleted
in its respective reservoir. However, these promising re-
sults suggest that a continuous flow synthesis of these
esters is possible under the stated conditions.

In summary, a batch, semi-continuous method was
developed for testing the feasibility of conducting esteri-
fications between sterols and fatty acids in SC-CO,. Var-
ious lipases were also evaluated with respect to their ef-
ficacy to catalyze the above reaction under the pressures
and temperatures associated with SC-CO, extraction or
reaction chemistry. Synthesis of alternative esters formed
between various fatty acids and sitostanol was also eval-
vated and produced high yields. Finally, a continuous
micro flow reactor, consisting of commercially-available
pumps and componerits, was constructed and tested with
respect to forming fatty acid esters of sterols or stanols.
Ester yields of over 90% could be attained using this ap-
proach, suggesting a2 continuous method of producing
nutriceutical-important esters for the functional food
marketplace.
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